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Endosymbiotic	 Wolbachia	 bacteria	 are,	 to	 date,	 considered	 the	 most	 widespread	
symbionts	in	arthropods	and	are	the	cornerstone	of	major	biological	control	strate‐
gies.	Such	a	high	prevalence	is	based	on	the	ability	of	Wolbachia	to	manipulate	their	













and cidB	 genomic	 repertoires	of	 individuals	 from	newly	sampled	natural	C. pipiens 
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1  | INTRODUC TION
Wolbachia	 are	 maternally	 inherited	 endosymbiotic	 bacteria	 com‐
monly	 found	 in	 arthropods	 and	 filarial	 nematodes	 (Ferri	 et	 al.,	





facilitating	 its	 spread	 within	 arthropod	 populations	 (Rousset	 &	
Raymond,	 1991;	 Turelli	&	Hoffmann,	 1991;	Werren	 et	 al.,	 2008).	




infected	with	a	different,	 incompatible	Wolbachia	 strain	 (Atyame,	
Duron,	et	al.,	2011;	Bonneau,	Landmann,	et	al.,	2018;	Bordenstein,	
O'Hara,	 &	 Werren,	 2001;	 Breeuwer	 &	 Werren,	 1990;	 Callaini,	
Riparbelli,	Giordano,	&	Dallai,	1996;	Duron	et	al.,	2006;	Laven,	1967;	
O'Neill	&	Karr,	1990).	In	C. pipiens	where	all	males	and	females	are	
infected,	 CI	may	 be	 unidirectional	 (crossing	 is	 compatible	 in	 one	
direction	but	incompatible	in	the	other)	or	bidirectional	(crosses	in	
















melanogaster and Culex pipiens	 respectively,	 in	 CI	 (Figure	 1;	
Beckmann,	Ronau,	&	Hochstrasser,	2017;	LePage	et	al.,	2017).	These	
genes	 exhibit	 many	 typical	 features	 of	 toxin‐antidote	 models	
(Beckmann	et	al.,	2019a,	2019b,	2017).	In	both	transgenic	yeasts	and	
flies,	cidAwPip and cidBwPip	genes	were	proposed	to	encode	interact‐















strains	 infecting	 this	 species	 (Atyame	 et	 al.,	 2014;	 Duron	 et	 al.,	
2006;	 Laven,	 1967).	 All	 the	Wolbachia	 infecting	C. pipiens	 belong	









for	 the	 diversity	 of	 CI	 phenotypes	 in	 C. pipiens	 (Atyame,	 Duron,	






types	found	in	C. pipiens	mosquitoes	we	studied	the	cidA and cidB 





iens,	cidAwPip and cidBwPip	 genes	must	 have	different	 sequences	 in	
wPip	strains	that	 induce	different	CI	phenotypes	(i.e.,	showing	dif‐
ferent	 incompatibility	 relationships	when	 crossed	with	 individuals	







of	 cidAwPip and cidBwPip	 in	 isofemale	 lines	 infected	with	Wolbachia 
from	the	wPipIV	phylogenetic	group	and	exhibiting	well	differenti‐
ated	mod	phenotypes	(Atyame	et	al.,	2015;	Bonneau,	Atyame,	et	al.,	





boured	 by	 the	males,	 the	 difference	 in	 compatibility	 (i.e.,	 egg‐raft	
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(b)	transgenic	expression	of	cidA and cidB	from	either	wMel	or	wPip‐Buckeye	genomes	in	Drosophila melanogaster	flies.	The	expression	of	
both	cidAwMel and cidBwMel in D. melanogaster	males	is	required	to	induce	CI,	neither	cidAwMel or cidBwMel	alone	can	induce	CI	(LePage	et	al.,	
2017;	Shropshire	&	Bordenstein,	2019).	The	expression	of	cidAwMel alone in D. melanogaster	females	is	sufficient	to	rescue	CI	(Shropshire	et	
al.,	2018).	A	two‐by‐one	model	of	CI	was	proposed	in	D. melanogaster in which cidAwMel	acts	as	a	mod	factor	when	expressed	in	males	and	
as	a	resc	factor	when	expressed	in	females	(Shropshire	&	Bordenstein,	2019;	Shropshire	et	al.,	2018).	The	production	of	viable	transgenic	
male	flies	expressing	only	cidBwPip	was	not	possible	suggesting	a	toxic	effect	of	the	CidBwPip	protein	(represented	by	a	skull)	while	flies	
expressing	both	cidAwPip and cidBwPip	were	viable	and	capable	of	CI	induction.	The	male	flies	expressing	cidAwPip and cidBwPip	with	a	disrupted	
catalytic	DUB	domain	were	not	capable	to	induce	CI	suggesting	that	the	DUB	region	is	functionally	involved	in	CI.	The	current	transgenic	















Monomorphism of cidAwMel (WD0631) and 
cidBwMel (WD0632) 
The ‘two-by-one’ model in Drosophila. 
Both cidAwMel and cidBwMel are involved in the mod
and only cidA in the resc
Culex pipiens
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The ‘toxin-antidote’ model in C. pipiens
CidBwPip would be a toxin involved in the mod while
CidAwPip would be the antidote involved in the resc










No other cidAwPip variant 
associated with incompatibility
Present in all wPipIV analyzed
Disrupted DUB domain
Conclusions:
cidB variant with the 2 
downstream region are 
associated with mod change
No cidA variant is associated 
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wPipIV	 strains	might	 account	 for	 reciprocal	 compatibility	 (system‐
atic	rescue)	between	them	suggesting	a	putative	role	for	cidAwPip in 
the	resc	function	(Figure	1)	(Bonneau,	Atyame,	et	al.,	2018).	Overall,	















mod	 phenotype.	 The	 cidA_IV(α),	 thought	 to	 be	 associated	with	 in‐










as	they	were	not	alive	anymore	when	we	studied	their	cidA and cidB 
gene	repertoires	 (Bonneau,	Atyame,	et	al.,	2018).	 In	this	study,	we	
managed	to	study	one	incongruent	line	(i.e.,	being	compatible	while	
harbouring	 cidB_IV[a/2]	 variant).	 This	 line	 exhibited	both	 a	 unique	
cidB	repertoire	and	a	lower	expression	of	the	cidB	variant	associated	
with	 incompatible	mod	phenotype	that	could	contribute	to	explain	
such	 incongruence.	Most	 importantly,	 no	 specific	 cidAwPip	 variant	
or	 combination	 of	 cidAwPip	 variants	was	 associated	with	 either	 in‐







2  | MATERIAL S AND METHODS
2.1 | Mosquito collection and the construction of 
isofemale lines
Culex pipiens	 larvae	 and	 pupae	 were	 collected	 from	 four	 natural	
breeding	sites	in	North	Italy	in	2017	(Roveré	della	Luna,	San	Michele	
all'Adige,	Zambana	and	Mezzocorona	sites,	Data	S1)	and	reared	to	















2.2 | Determination of CI phenotypes
2.2.1 | CI phenotype of the isofemale lines resulting 
















rafts	 which	 were	 qualified	 as	 compatible.	 No	 crosses	 resulting	 in	
both	 fertilized	 hatched	 and	 fertilized	 unhatched	 eggs‐rafts	 were	
found.	Thus	 isofemale	 lines	 in	which	 the	males	were	 incompatible	
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with	 females	 from	 the	 Tunis	 line	 were	 described	 as	 incompatible	
isofemale	 lines,	 whereas	 isofemale	 lines	 in	 which	 the	males	 were	
compatible	with	females	from	the	Tunis	line	were	described	as	com‐
patible	isofemale	lines.
2.2.2 | Capacity of Michele26 line to induce CI
Because	Michele26	males	were	not	able	to	induce	CI	when	crossed	






2.2.3 | Reciprocal compatibility of isofemale lines 
infected with wPipIV strains
To	have	a	better	support	of	the	hypothesis	that	the	cidA_IV(α)	variant	








2.3 | Cloning and Sanger sequencing of cidA and 
cidB variants





were	 sequenced	 on	 average	 (the	 detail	 of	 numbers	 of	 clones	 se‐
quenced	per	isofemale	line	and	gene	are	presented	in	the	Data	S2).	
Moreover,	we	 confirmed	 the	presence	of	 the	 variants	detected	 in	
the	 clones	 by	 Sanger	 sequencing	 the	 cidA and cidB	 fragment	 am‐
plified	 from	each	 isofemale	 line	before	cloning.	This	allowed	us	 to	
verify	the	polymorphism	found	in	the	different	cidA and cidB	clones.	




sustainable	 rearing	 under	 our	 utilized	 laboratory	 conditions.	 The	





in	 the	 study	 by	 Bonneau,	 Atyame,	 et	 al.	 (2018)	 was	 undoubtedly	
identified	only	by	 the	cloning	and	Sanger	 sequencing	because	 the	
PCR‐RFLP	 test	 (see	 below)	was	 designed	 to	 only	 discriminate	 the	





2.4 | Screen of cidA and cidB variants in natural 
populations from North Italy
2.4.1 | Detection of cidA_IV(δ) and cidB_
IV(2) variants
We	investigated	the	presence	of	these	variants	in	the	67	isofemale	
lines,	 using	 the	 same	DNA	 samples	 used	 to	 determine	Wolbachia 
phylogenetic	 group.	 We	 used	 the	 PCR‐RFLP	 tests	 described	 by	




two	 different	 downstream	 sequences	 (1/2),	 whereas	 cidB_IV(a/2)	
and cidB_IV(b/2)	have	 two	different	upstream	sequences	 (a/b)	but	
the	 same	downstream	 sequence	 (2)	 (Figures	 S1	 and	 S2).	Only	 the	
upstream	 polymorphic	 region	 of	 cidA_IV	 variants	 was	 previously	
found	associated	with	the	CI	mod	phenotype	(Bonneau,	Atyame,	et	




isofemale	 line	 accounts	 for	 the	 presence	 of	 cidA_IV(δ/1)	 and/or	







These	 tests	 only	 allowed	 us	 to	 detect	 variants	 previously	 de‐
scribed	with	the	cloning	and	Sanger	sequencing	experiment	and	any	
variants	that	were	not	uncovered	with	this	method	would	be	missed.
In	 addition	 to	our	PCR‐RFLP	 test,	 a	 specific	presence/absence	
PCR	 test	 was	 also	 designed	 to	 detect	 the	 presence	 of	 cidB_IV(2)	
(which	 accounts	 for	 the	 cidB_IV(a/2)	 and/or	 cidB_IV(b/2)	 variants),	
to	 confirm	 the	PCR‐RFLP	 test	 results	 in	 isofemale	 lines.	A	107	bp	
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2.5.1 | Quantification of Wolbachia density in 
male testes
We	quantified	the	density	of	Wolbachia	in	the	testes	of	males	from	
the	 Michele26	 and	 Mezzo9	 lines,	 by	 quantitative	 PCR	 with	 the	







by	amplifying	 two	different	genes	 for	each	sample:	 the	C. pipiens‐
specific	ace‐2	 locus	 (Weill,	 Berticat,	 Raymond,	&	Chevillon,	 2000)	




of	both	wsp and ace‐2.	 If	a	triplicate	had	an	error	above	0.5	 it	was	
removed	from	the	wsp/ace‐2	estimation.	As	both	genes	were	present	




2.5.2 | Expression of the cidA and cidB genes
For	 the	Mezzo9	 and	Michele26	 lines,	we	 extracted	 RNA	 from	10	
six‐day‐old	 males	 with	 Trizol	 (Life	 Technologies).	 The	 RNA	 was	
then	 treated	 with	 DNase	 with	 the	 TURBO	 DNA‐free	 Kit	 (Life	
Technologies),	 in	 accordance	 with	 the	 manufacturer's	 instruc‐
tions.	The	absence	of	 residual	DNA	was	confirmed	by	performing	
a	 PCR	 specific	 for	 cidA and cidB	 loci	with	 the	 primers	 describe	 in	
Bonneau,	Atyame,	et	al.	(2018).	We	subjected	2–5	µg	of	each	total	
RNA	sample	to	reverse	transcription	with	the	SuperScript	III	Reverse	
Transcriptase	 Kit	 and	 30	 ng	 of	 random	 oligomer	 primers	 ([RP]10;	





(b)	was	 the	 reference	 gene	used	 for	Wolbachia	 density	 estimation	




(5′‐TGA‐ACG‐CGA‐GAA‐AGA‐GCA‐AG).	 The	 third	was	 specific	 for	
a	135	bp	fragment	of	the	cidB	gene	conserved	in	all	sequenced	wPip	
strains	and	was	performed	with	 the	primers	wPip_0283_QPCR_1_
Dir	 (5′‐TGA‐GTG‐TTT‐GGA‐GAA‐TGA‐AGG‐A)	 and	 wPip_0283_
QPCR_1_Rev	 (5′‐TTC‐CCA‐AAA‐GCA‐AAA‐CCA‐GTT).	 The	 fourth	
was	specific	for	the	107	bp	fragment	of	cidB_IV(2)	described	above.	
As	wPip	 strains	 carry	 multiple	 cidB	 variants	 we	 checked	 that	 the	
real‐time	quantitative	PCR	was	specific	of	the	cidB_IV(2)	variant	by	
performing	real‐time	quantitative	PCR	(a)	on	isofemale	lines	infected	





were	only	observed	 in	 Istanbul	 and	 Ichkeul	09	 samples	 as	well	 as	
Michele26	and	Mezzo9	samples,	with	melting	curve	of	these	sam‐
ples	checked	 for	 single	product	amplification.	Each	DNA	template	
was	analyzed	in	triplicate	for	wsp, cidA,	cidB and cidB_IV(2).	Standard	
curves	were	generated	for	the	cidA,	cidB,	cidB_IV(2)	and	wsp	genes,	
by	diluting	the	PCR	products	for	these	four	genes.	Expression	levels	










3.1 | Only cidB_IV(2) variants are associated with 
the incompatible mod phenotype in North Italy
3.1.1 | Both compatible and incompatible mod 
phenotypes are present in North Italy
A	 total	 of	 67	 isofemale	 lines	 were	 established	 from	 larvae	 col‐
lected	at	 four	sites	 in	 the	province	of	Trento	 in	 the	North‐East	of	
Italy	 (San	Michele	 all'Adige,	Roveré	Della	 Luna,	Mezzocorona	 and	
Zambana:	Data	S1),	because	it	was	already	known	that	wPip	strains	
from	the	wPipIV	group	occurred	 in	 this	area	 (Dumas	et	al.,	2013).	
The	PCR‐RFLP	 test	 as	 described	 in	Altinli	 et	 al.	 (2018)	 confirmed	
that	all	 isofemale	 lines	were	 infected	with	wPipIV	strains.	Crosses	
between	males	from	these	67	isofemale	lines	and	females	from	the	
wPipI	Tunis	 laboratory	 line	 (reference	 line	used	 for	 the	 screening)	
led	 to	 sort	 the	 lines	 according	 to	 the	 two	mod	 phenotypes	previ‐
ously	 described	 (Atyame	 et	 al.,	 2015;	 Bonneau,	 Atyame,	 et	 al.,	
2018):	 the	 males	 from	 62	 isofemale	 lines	 from	 North	 Italy	 were	
found	 incompatible	 with	 Tunis	 females	 (qualified	 as	 incompatible	
isofemale	lines)	and	five	lines	exhibited	males	compatible	with	Tunis	
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females	 (qualified	as	compatible	 isofemale	 lines:	Data	S1).	 In	sum‐
mary,	92.5%	of	the	 isofemale	 lines	 in	North	Italy	exhibited	the	 in‐
compatible	mod	phenotype.
3.1.2 | cidA and cidB variant repertoires
For	 investigation	 of	 the	 diversity	 of	 cidA_IV	 and	 cidB_IV	 genes	 in	
North	Italian	wPipIV‐infected	C. pipiens	populations	and	identifica‐
tion	of	the	cidA_IV	and	cidB_IV	variants	putatively	associated	with	
compatible	 or	 incompatible	mod	 phenotypes,	 we	 first	 cloned	 and	
Sanger	 sequenced	PCR	 amplification	 of	 cidA and cidB	 genes	 from	
two	compatible	(Luna	8	and	Luna	27)	and	four	incompatible	(Luna	1,	
Luna	3,	Michele	1	and	Mezzo	9)	isofemale	lines	(Table	1).	For	each	
of	 the	 six	wPip	 strains	 studied,	we	detected	 several	 combinations	
of	 cidA and cidB	 variants	 further	 referred	 as	 repertoires	 of	 cidA 














variant	 called	 cidA_IV(ε),	 different	 from	 the	 cidA_IV(β)	 previously	







revealed	 the	 presence	of	 cidB_IV(a/2)	 and	 cidB_IV(b/2)	 in	 the	 four	
incompatible	isofemale	lines	and	their	absence	in	the	two	compati‐
ble	lines	(Table	1b).	No	other	cidB_IV	variants	were	found	putatively	














TA B L E  1   cidA and cidB	variant	repertoires	for	seven	wPipIV	strains	from	North	Italy
Line name(a) mod phenotype
cidA_IV
α1 α2 β1 β2 γ1 γ2 δ1 δ2 ε1† ε2†
Luna	8 Compatible P P A A A A A A P P
Luna	27 Compatible P P A A A A A A P P
Luna	1 Incompatible P A A A A A A A P P
Luna	3 Incompatible P A A A A A A A P P
Michele	1 Incompatible P P A A A A A A P P
Mezzo	9 Incompatible P P A A A A A A P P






a1 a2 a3 b1 b2 b3 c1† c3†
Luna	8 Compatible A A P A A P A A
Luna	27 Compatible A A P A A P A A
Luna	1 Incompatible A P P A P A A A
Luna	3 Incompatible A P P A P P A A
Michele	1 Incompatible P P P P P A A A
Mezzo	9 Incompatible A P P A P P A A
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patible	 isofemale	 lines.	The	global	distribution	of	 the	cidA	variants	
of	interest	in	all	the	natural	populations	studied	in	the	present	study	







All	 the	62	 incompatible	 Italian	 isofemale	 lines	carried	the	cidB_
IV(2)	 variants,	 as	 confirmed	 by	 the	 two	 independent	 PCR‐based	
methods	 (Data	 S1).	 However,	 this	 variant	 was	 also	 detected	 in	
Michele26,	one	of	the	five	compatible	isofemale	lines.	In	compiling	
the	data	from	China,	Turkey,	North	Africa	and	North	Italy,	cidB_IV(2)	
was	detected	 in	100%	 (79/79)	of	 the	 incompatible	 isofemale	 lines	
while	only	in	5.4%	(9/168)	of	the	compatible	isofemale	lines,	regard‐
less	of	geographic	origin	(Table	2).
3.2 | All lines that carry cidA_IV(α) are 
reciprocally compatible
Because	 the	 cidA_IV(α)	was	 detected	 in	 all	 studied	wPipIV	 strains	
and	all	tested	mosquito	lines	 infected	with	wPipIV	strains	were	al‐
ways	found	mutually	compatible	(Atyame	et	al.,	2014),	we	previously	
hypothesised	 that	 this	 variant	 might	 be	 involved	 in	 this	 recipro‐
cal	 compatibility	 and	 thus	 in	 the	 resc	 function	 (Bonneau,	Atyame,	 
et	 al.,	 2018).	 To	 investigate	 further	 that	 hypothesis,	 crosses	 be‐
tween	 all	 the	 different	mosquito	wPipIV	 infected	 lines	 present	 in	
the	 laboratory	were	 performed.	We	were	 able	 to	 perform	 a	 total	





3.3 | How can Michele26 be compatible while 
it carries the cidB_IV(a/2) variant associated with 
incompatibility?
3.3.1 | The Michele26 isofemale line harbours a 
unique cidB variant repertoire
The cidA and cidB	variant	repertoires	of	the	wPipIV	strain	infecting	
the	Michele26	 isofemale	 line	were	cloned,	Sanger	sequenced,	and	




some	 compatible	 and	 incompatible	 isofemale	 lines	 (Table	 1a).	 In	
contrast	the	cidB_IV	variant	repertoire	of	Michele26	was	unique	by	
including	cidB_IV(a/2),	 but	 lacking	cidB_IV(b/2),	which	was	present	
in	 all	 the	 incompatible	 lines.	 Furthermore,	 two	 variants	 unique	 to	
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3.3.2 | Michele26 males are able to induce CI
The	 incapacity	of	males	Michele26	 to	 induce	CI	when	crossed	
with	Tunis	females	might	be	due	to	the	incapacity	of	Michele26	
males	 to	 induce	 CI	 at	 all.	 Consequently,	 we	 checked	 the	 ca‐
pacity	of	Michele26	males	 to	 induce	CI	by	 crossing	 them	with	
females	 artificially	 cured	 from	 their	Wolbachia	 by	 tetracycline	
treatment.	A	total	of	21	eggs‐rafts	were	collected	and	none	of	
them	 hatched	 demonstrating	 that	Michele26	males	 were	 able	
to	induce	CI.
3.3.3 | cidB_IV(2) expression is lower in compatible 
Michele26 males than in incompatible Mezzo9 males
We	 then	 investigated	 possible	 differences	 in	 the	 expression	 of	




levels	 of	 cidA and cidB	 expression	 between	 the	 two	 lines	were	
not	 significantly	different	 (cidA	Wilcoxon,	W	=	62,	p = .182 and 
cidB	Wilcoxon,	W	=	60,	p	=	 .243,	Table	3;	Data	S4).	The	expres‐
sion	 of	 cidB_IV(2)	was	 studied	 by	 real‐time	 quantitative	 PCR	 of	
a	 sequence	 fragment	 accounting	 for	 both	 the	 cidB_IV(a/2)	 and	
cidB_IV(b/2)	variants	(a/2	present	in	Mezzo9	and	Michele26,	and	
b/2	present	only	in	Mezzo9,	see	Table	1b).	Expression	of	the	cidB_




3.3.4 | Less Wolbachia in the testes of males 
from the compatible Michele26 isofemale line
As	CidB	proteins	are	predicted	to	be	introduced	in	the	sperm	during	
spermatogenesis,	we	determined	Wolbachia	 density	 in	 the	 gonads	
of	both	Michele26	and	Mezzo9	males.	The	testes	of	males	from	the	
Michele26	isofemale	line	contained	significantly	less	Wolbachia	than	






essary.	 Indeed,	the	fact	that	the	coexpression	of	both	cidAwPip and 
cidBwPip in D. melanogaster	males	was	 required	 to	 induce	CI	 could	
support	the	implication	of	both	cidAwPip and cidBwPip	in	the	mod	func‐
tion	(Figure	1;	LePage	et	al.,	2017;	Shropshire	&	Bordenstein,	2019;	
Shropshire	 et	 al.,	 2018).	 However,	 the	 same	 requirement	 for	 the	














Italian	 populations.	 However,	 unlike	 North	 African	 populations	 in	
which	8.4%	of	 the	 isofemale	 lines	were	 found	 incompatible	when	
males	 from	 these	 lines	 were	 crossed	with	wPipI‐infected	 females	
from	 the	Tunis	 line	 (Atyame	et	al.,	2015;	Bonneau,	Atyame,	et	al.,	
2018),	92.5%	of	the	isofemale	 lines	from	North	Italian	populations	
were	found	incompatible.
In	 natural	 populations	 from	 North	 Africa,	 both	 cidA_IV(δ)	 and	








strengthening	 the	 link	 between	 cidB	 variations	 and	 mod	 pheno‐
type	variations	in	C. pipiens.	By	contrast	to	the	natural	populations	
from	North	Africa,	cidA_IV(δ)	was	not	detected	in	any	of	the	wPipIV	












Mezzo9 18.10	±	4.72	(a) 1.67	±	0.56	(a) 0.72	±	0.23	(a) 0.06	±	0.01	(a)









incompatible	 or	 compatible	 mod	 phenotypes	 (Table	 2;	 Figure	 1).	
Furthermore,	we	found	exactly	the	same	cidA	repertoire	associated	




natural	populations	 from	North	Africa	 resulted	 from	codiversifica‐
tion	of	 these	two	variants.	As	previously	suggested,	cidA and cidB 
may	encode	a	toxin‐antidote	(TA)	system	in	which	CidA	acts	as	the	
antidote	of	CidB	(Beckmann	et	al.,	2019b,	2019a,	2017;	Shropshire	






In	 all	 the	 247	wPipIV	 infected	C. pipiens	 lines	 yet	 investigated	
(Table	2),	including	the	67	North	Italian	ones,	the	cidA_IV(α)	variant	
was	detected	(Figure	1).	A	total	of	58	intra‐wPipIV	group	compatible	
crosses	between	Turkish,	North	African	and	 Italian	 lines,	 including	
the	20	crosses	from	the	present	study,	show	the	self‐compatibility	
between	 wPipIV‐infected	 isofemale	 lines	 previously	 established	
(Atyame	 et	 al.,	 2014).	 As	 already	 suggested	 in	 Bonneau,	 Atyame,	
et	 al.	 (2018),	 this	 observation	 supports	 a	 role	 for	 cidA	 in	 the	 resc 
function	 in	C. pipiens,	as	 the	presence	of	a	ubiquitous	cidA	variant	
is	expected	to	explain	the	compatibility	of	mosquitoes	infected	with	
wPipIV	strains.	This	conclusion	 is	 further	 supported	by	 the	 recent	
findings	 of	 Shropshire	 et	 al.	 (2018),	 revealing	 the	 involvement	 of	
cidAwMel	 in	 the	 resc	 function	 in	 transgenic	D. melanogaster	 females	
(Table	2).
Our	 results	 show	 that	 cidBwPip	 variant	 repertoire	 is	 associ‐
ated	with	 the	diversity	of	mod	 phenotypes	observed	 in	C. pipiens. 







2019;	 Shropshire	 et	 al.,	 2018).	 The	 cidA and cidB	 genes	may	 not,	
therefore,	 behave	 in	 the	 same	 way	 in	 the	 Wolbachia	 bacteria	 in‐




In	North	Africa,	~5%	of	 isofemale	 lines	were	 incongruent,	 i.e.,	




were	 screened.	 In	 Italy,	 we	 successfully	 sampled	 and	maintained	
one	 incongruent	 isofemale	 line	 (Michele26).	We	 investigated	 this	
discordant	 isofemale	 line	 further	 to	 search	 for	possible	 causes	of	
this	 apparent	 dissociation	 between	 genotype	 and	 phenotype.	
First	of	 all,	 the	 incapacity	of	Michele26	males	 to	 induce	CI	when	
crossed	with	Tunis	females	could	have	resulted	from	the	incapacity	
of	males	Michele26	to	induce	CI	at	all.	However,	we	confirmed	that	
Michele26	was	 able	 to	 induce	CI	 by	 crossing	males	with	 females	
artificially	 cured	 of	 Wolbachia	 from	 the	 SlabTC	 laboratory	 line.	
More	 importantly,	 we	 showed	 that	 the	 wPipIV	 strain	 harboured	
by	Michele26	mosquitoes	presented	specific	genetic	features	dis‐
tinguishing	 it	 from	both	 compatible	 and	 incompatible	 lines	 found	
in	Italy.	We	found	a	specific	cidB	variant	repertoire,	 including	two	








were	 required	 to	 induce	 incompatible	 phenotype.	 However,	 this	
hypothesis	was	 ruled	out	by	 the	 lack	of	detection	of	cidB_IV(b/2)	


















In	 conclusion,	 our	 findings	 support	 that	 cidBwPip	 variant	 reper‐
toire	 is	associated	with	the	diversity	of	mod	phenotypes	observed	
in C. pipiens.	 Together	with	 functional	 transgenic	 data	 (Beckmann	
et	 al.,	 2017),	 they	 clearly	 suggest	 the	 involvement	of	 cidB	 in	 both	
mod	 function	 and	 mod	 phenotype	 diversity	 in	 C. pipiens	 but	 fur‐
ther	 suggest	 that	variation	 in	wPip	density	and/or	cidB	expression	
may	matter.	By	contrast,	we	have	no	indication	that	cidAwPip could 
be involved in mod	phenotype	diversity,	as	lines	with	different	mod 
phenotypes	exhibited	exactly	the	same	cidAwPip	repertoire.	Overall,	
a	 toxin‐antidote	model	where	cidB	 is	 a	 toxin	 and	cidA	 its	 antidote	
fits	well	our	current	knowledge	of	C. pipiens‐Wolbachia	interactions.
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